Carrion smell is strongly repugnant to humans and triggers distinct innate behaviors in many other species. This smell is mainly carried by two small aliphatic diamines, putrescine and cadaverine, which are generated by bacterial decarboxylation of the basic amino acids ornithine and lysine. Depending on the species, these diamines may also serve as feeding attractants, oviposition attractants, or social cues. Behavioral responses to diamines have not been investigated in zebrafish, a powerful model system for studying vertebrate olfaction. Furthermore, olfactory receptors that detect cadaverine and putrescine have not been identified in any species so far. Here, we show robust olfactory-mediated avoidance behavior of zebrafish to cadaverine and related diamines, and concomitant activation of sparse olfactory sensory neurons by these diamines. The large majority of neurons activated by low concentrations of cadaverine expresses a particular olfactory receptor, trace amineassociated receptor 13c (TAAR13c). Structure-activity analysis indicates TAAR13c to be a general diamine sensor, with pronounced selectivity for odd chains of medium length. This receptor can also be activated by decaying fish extracts, a physiologically relevant source of diamines. The identification of a sensitive zebrafish olfactory receptor for these diamines provides a molecular basis for studying neural circuits connecting sensation, perception, and innate behavior.
C adaverine, putrescine, and other biogenic diamines are strongly repulsive odors to humans, for whom these odors presumably signal bacterial contamination. It may be expected that animal species feeding on carcasses attribute a more positive valence to diamines, and indeed both putrescine and cadaverine have been reported to be feeding attractants for rats (1) as well as goldfish (2) . Similarly, insects depositing their eggs in carcasses or other proteineacous materials are attracted by these diamines (3). Beyond signaling danger or food, putrescine and cadaverine also serve as social cues in several vertebrate species, both for marking of territories-for example, in feline species (4)-and for burial of conspecifics (5) .
Very little is known about the molecular and cellular basis of cadaverine-driven behaviors. Cadaverine and putrescine evoke electrophysiological responses in the olfactory epithelium of two fish species (2, 6) and cadaverine-responsive olfactory sensory neurons and glomeruli have been identified in the mouse (7, 8) . However, chemosensory receptors that detect cadaverine or related diamines are unknown in any species, and could provide valuable tools to study how the olfactory system mediates innate aversion or attraction.
Here, we show that cadaverine is a major product of zebrafish tissue decay, activates a zebrafish olfactory receptor (trace amineassociated receptor 13c, TAAR13c) with high affinity, and elicits a strong, low-threshold, and olfactory-mediated avoidance response in zebrafish. In vivo measurements indicate that high affinity cadaverine responses occur primarily in TAAR13c-expressing olfactory sensory neurons. These findings provide an important foundation for understanding the molecular basis of a powerful odor-driven behavior.
Results
Zebrafish Avoid a Cadaverine Odor Source. The zebrafish has in recent years emerged as an important model system for understanding olfaction in vertebrates because of a remarkable similarity in the basic principles of olfactory representation (9) and some technical advantages over the mammalian system (10) . However, behavioral responses of zebrafish to diamines have not been described. We report here that zebrafish, like humans, show pronounced innate aversion behavior for cadaverine (Fig. 1) .
We developed a valence assay to measure behavioral responses of zebrafish to olfactory cues. Zebrafish were habituated to a rectangular tank, and the position of each fish was recorded before and after odor delivery. Shifts in average position toward or away from the odor source were recorded as attraction and avoidance, respectively. Food odor, an attractant for zebrafish, caused a mean displacement of 0.25 tank lengths (TLs, P < 0.01) toward the odor source (Fig. 1B) , but tank water alone had no effect ( Fig. 1C and Table S1 ). In contrast, cadaverine caused a mean displacement of 0.28 TLs (P < 0.01) away from the odor source, and was thus aversive ( Fig. 1 A and C, and Table S1 ). Furthermore, the fish spent severalfold less time in close approach (distances < 0.05 TL) to the stimulus application site (P < 0.0001), although this area was not completely avoided (P < 0.03) (Fig. 1A and Table S1 ), suggesting that the zebrafish did for short periods of time investigate the area, where stimulus was given. Mean velocity or total distance traveled was not altered during avoidance behavior (Table S1 ). Thus, the displacement observed is not caused by changes in motility but may result from an assessment of odor valence by the fish.
Next, we analyzed whether related diamines were similarly aversive. We tested diamines with different carbon chain lengths, ranging from C3 (diaminopropane) to C10 (diaminodecane). Avoidance behavior was observed (Fig. 1C) to putrescine (C4), cadaverine (C5), diaminohexane (C6), diaminoheptane (C7),
Significance
Cadaverine and putrescine, two diamines emanating from decaying flesh, are strongly repulsive odors to humans but serve as innate attractive or social cues in other species. Here we show that zebrafish, a vertebrate model system, exhibit powerful and innate avoidance behavior to both diamines, and identify a highaffinity olfactory receptor for cadaverine. and diaminooctane (C8), but not to diaminopropane (C3) or diaminodecane (C10). Time spent in close approach to the stimulus application site did not differ significantly from prestimulus values for diaminopropane and diaminodecane, but was reduced to one-third or less for the other diamines (P < 0.0001) (Table S1 ). Only cadaverine and putrescine are naturally abundant in carrion (see below); other diamines not found ecologically may be aversive because they function as agonists for cadaverine and putrescine-activated receptors.
Avoidance behavior to cadaverine and putrescine was abolished (P < 0.01) in fish, whose nostrils were closed by tissue glue, showing the avoidance to be mediated by olfaction and not other sensory modalities (Fig. 1D) . Avoidance responses to cadaverine, putrescine, and diaminoheptane exhibited similar dose-dependence (Fig. 1E) , with complete saturation at 1 mM diamine in the stimulus, half-maximal values at 100 μM, and about one-third of maximal values at 10 μM (Fig. 1E) . The actual concentrations encountered by the zebrafish at the time of decision-making are expected to be much lower than these values because of dilution of a small stimulus volume (180 μL) into a large tank volume (9 L) . To obtain a more stringent estimate of behavioral sensitivity, we have therefore used a two-channel preference assay (11) , with a constant cadaverine concentration in one of the two streams during the stimulus period. Cadaverine evoked robust avoidance responses in this paradigm, with similar levels of avoidance observed at 10 μM (avoidance index 0.81 ± 0.18 SEM, n = 4, P < 0.01) and 100 μM (avoidance index 0.73 ± 0.24 SEM, n = 4, P < 0.05). Such sensitive detection suggests the existence of specialized olfactory receptors for diamines.
Cadaverine and Other Diamines Activate Sparse Olfactory Sensory
Neurons. We observed diamine-evoked increases in c-Fos expression and pERK levels in sparse olfactory sensory neurons. ERK phosphorylation and c-Fos expression are induced by neuronal activity, and are widely used reporters for neuron responsiveness, including in the olfactory system (12, 13) . Olfactory tissue was obtained from zebrafish (n = 102) exposed to diamines or control stimuli and stained using standard immunohistochemical (IHC) techniques. c-Fos expression was similarly and robustly induced by food odor, cadaverine, and other diamines (∼6.0 cells per lamella) but not tank water alone (<0.5 cells per lamella), with low background levels likely resulting from residual odors in tank water ( Fig. 2 A and B, and Fig. S1 ). The frequency of pERKcontaining cells was similar to that of c-Fos-expressing cells for food odor, cadaverine, and diaminohexane. Some differences in c-Fos induction and ERK phosphorylation were observed for other diamines, and could reflect differences in reporter sensitivity for lower affinity ligands or the much longer exposure time (C) Mean displacement was expressed as a percentage of tank length (n = 6 ± SEM). Addition of tank water alone had no significant effect, whereas food odor elicited strong attraction. Similar avoidance behavior was observed in male and female fish. Significance was evaluated by Student t test, *P < 0.05, **P < 0.01. (D) Aversion behavior requires olfactory input. Nostril closure of zebrafish eliminates aversion to 1 mM cadaverine or putrescine. Black bars, no treatment; white bars, nostril closure; **P < 0.01, n = 3 ± SEM. (E) Avoidance behavior to diamines was dose-dependent. Responses to cadaverine and diaminoheptane were measured over a broad concentration range (1 μM to 1 M, n = 3 ± SEM). The behavior is clearly saturable at 1-mM stimulus concentration. Significance was evaluated by Student t test, asterisks refer to cadaverine, *P < 0.05, **P < 0.01. The slight decrease at higher concentrations is not significant except for putrescine (P < 0.05). (F) Cadaverine-evoked aversion of an individual zebrafish in a flow-through two-channel set-up (11) as visualized by movement patterns before (orange tracks) and after (brown tracks) change of the upper channel to a chronic concentration of 10 μM cadaverine. The arrows indicate direction of flow (cadaverine, gray; water, white). Dotted gray lines enclose the mixing zone not included in analysis of preference. The axes represent tank dimensions. (G) Aversion behavior of zebrafish in the two-channel preference test is maximal at 10 μM cadaverine. The avoidance index shows similar avoidance of the cadaverine channel for 10 and 100 μM cadaverine (gray bars). Significance in comparison with water was evaluated by Student t test, *P < 0.05, **P < 0.01.
required for c-Fos expression. Dose-dependent analysis indicated threshold c-Fos responses to cadaverine and diaminoheptane at 2 and 5 μM, respectively (Fig. 2C ). Low concentrations of cadaverine and putrescine resulted in very low frequencies of pERK-labeled cells (Fig. 2F ), consistent with detection by a single olfactory receptor (cf. refs. 14 and 15). The range of diamine chain lengths (C3 to C10) that stimulate either c-Fos expression or ERK phosphorylation in olfactory tissue includes all diamines that promote aversive behavior (C4 to C8), consistent with this behavior being mediated by olfaction. However, olfactory receptors that detect cadaverine in zebrafish or any species have not been identified so far.
TAAR13c Is an Olfactory Receptor for Cadaverine and Other Diamines.
As in mammals (16) , zebrafish TAARs function as olfactory receptors (17) . We reasoned that a zebrafish TAAR could mediate the cadaverine avoidance behavior because several rodent TAARs detect biogenic amines, including some highly aversive odors (16, (18) (19) (20) . As a result of numerous gene-duplication events, the zebrafish TAAR family is large, with 112 receptors encoded by the zebrafish genome (17) . So far, ligands have not been identified for any zebrafish TAAR, and identification of such ligands would be a key step toward understanding their physiological roles. The dynamic evolution of the teleost Taar gene family led to widespread loss (17) of an amine-binding motif found in biogenic amine receptors (21) . However, most class I and class II teleost TAARs retain this amine-binding motif (17) , making them good candidates for contributing to amine perception by the fish olfactory system.
We initiated a chemical screen to identify agonists for zebrafish TAARs and selected representatives from each of the five TAAR subfamilies retaining the amine-binding motif and three TAARs without it (see Fig. 3D for phylogenetic position of genes analyzed). We previously developed a reporter gene system to measure ligand-induced TAAR activation (16, 19) ; here, we used this system to identify zebrafish TAAR agonists among 93 test odorants, including a large number of amines, diamines, polyamines, and amino acids.
One receptor tested, zebrafish TAAR13c, gave robust responses to cadaverine (1,5-diaminopentane) and related aliphatic diamines ( Fig. 3 A and C) . Cadaverine activated HEK293 cells expressing TAAR13c, but not control cells lacking TAAR13c, with a half-maximal response (EC 50 ) occurring at 23 ± 3 μM (mean ± SD) and a threshold response occurring at 3 μM (Fig. 3E) . Cadaverine variants, in which one amino group is replaced with a hydroxyl group, methyl group, or hydrogen, did not activate TAAR13c (Fig. 3B) . Furthermore, 47 different aliphatic and aromatic monoamines with varying chain lengths, degrees of substitution, and functional groups, did not activate TAAR13c (Fig. 3A) . This structure-activity analysis suggests that TAAR13c contains two remote cation recognition sites, both of which require occupancy for receptor activation.
TAAR13c Preferentially Detects Odd-Chained Diamines. We next measured TAAR13c responses to diamines ranging from C3 to C10 across several concentrations (Fig. 3E ) and found cadaverine (C5) and diaminoheptane (C7) to activate TAAR13c with highest affinity (EC 50 = 23 ± 3 μM and 30 ± 2 μM, respectively). Diaminohexane (C6) had ∼fivefold reduced affinity, whereas putrescine (C4) and diaminooctane (C8) had >10-fold reduced affinity. Diaminopropane (C3) and diaminodecane (C10) did not activate TAAR13c at any concentration tested. Furthermore, other dibasic ligands, including cystamine, agmatine, and histamine, activated TAAR13c with reduced affinity (Fig. S1 ). Although TAAR13c detected numerous primary amines, it showed reduced activity for the tertiary amine derived from putrescine, tetramethyl-1,4-diaminobutane (Fig. 3A) . Indeed, TAAR13c is phylogenetically closer to those mammalian TAARs that detect primary amines than to those preferring tertiary amines (Fig. 3D) (cf. ref. 18) .
Interestingly, both fish avoidance behavior and sensory neuron responses showed no distinct preference for odd-chained diamines, suggesting the existence of other receptors tuned to evenchained diamines. This finding is consistent with electrophysiological studies indicating limited cross-adaptation of olfactory responses to cadaverine and putrescine (2) . Here, we identified TAAR13c as a highly sensitive detector of odd-chained diamines that include the repulsive odor cadaverine.
A Physiological Source of Cadaverine Activates TAAR13c. A physiologically relevant source of diamine odors is decomposing carcasses, whose presence may signal danger. In these circumstances, cadaverine will be present in a complex mixture together with other potentially odorous chemicals that also result from tissue decay. Thus far we have examined TAAR13c responses to pure chemicals; next we asked whether TAAR13c could detect cadaverine produced during the natural process of tissue decomposition.
We prepared fish extracts by placing a killed zebrafish in PBS for 0 min ("fresh") or 1 wk ("rotten"). PBS solutions were homogenized and centrifuged to remove debris, and resulting supernatants used as "extracts." We found that rotten fish extracts provided a potent stimulus for TAAR13c, but that fresh extracts had no activity (Fig. 4A) . Next, we analyzed the concentration dependence of fresh and rotten fish extracts. We observed a halfmaximal response to rotten fish extracts diluted ∼1,000-fold from the initial preparation (Fig. 4B) . In contrast, fresh fish extracts did not activate TAAR13c at any concentration tested, up to a 10-fold dilution (Fig. 4B) . These results indicate that TAAR13c is able to detect diamines in a complex and physiologically relevant mixture.
Cadaverine Is the Principal TAAR13c Activator in Decayed Fish. To determine the most relevant TAAR13c ligands in rotten fish extracts, we quantified the levels of diamines using liquid chromatography and tandem mass spectrometry (LC/MS). The number of ion counts with the mass-charge ratio (m/z) corresponding to nine different diamines (putrescine, cadaverine, diaminohexane, diaminoheptane, diaminooctane, agmatine, cystamine, histamine, and cysteamine) were separately graphed over time. The retention time and integrated area of observed peaks were compared with standards for chemical assignment and quantification. None of these nine amines were detected in fresh fish extracts, and only cadaverine, putrescine, and histamine were detected in rotten fish extract (Fig. 4C) . Cadaverine was the most abundant diamine detected, and levels of cadaverine, but not putrescine or histamine, were sufficient to explain the striking sensitivity of TAAR13c for decomposed tissue (Fig. 4D ).
High-Affinity Cadaverine Responses Occur Primarily in TAAR13c-
Expressing Neurons. We next sought to determine whether highaffinity cadaverine responses occurred primarily in TAAR13 + or TAAR13c − olfactory sensory neurons. We generated a polyclonal antibody that recognizes a highly divergent region of the TAAR13c sequence that is not conserved in closely related TAAR13 family members (Fig. S1 ). This antibody labeled a 55-kDa protein in olfactory epithelium, but not other tissues by Western blot analysis, and an extremely sparse population of olfactory sensory neurons (0.3 cells per lamella) (Fig. S1 ) by IHC analysis. Two-color analysis indicated colabeling of olfactory sensory neurons with TAAR13c antibody and Taar13c cRNA riboprobe, with Taar13c riboprobe labeling three-to sixfold more cells, likely because of cross-hybridization to the four other Taar13c family members. Neurons labeled by TAAR13c antibody showed a ciliary morphology (Fig. S1 ) and occurred at a frequency similar to that predicted for expression of individual olfactory receptor genes (15) .
Next, we asked whether cells labeled by the TAAR13c antibody responded to diamines using two-color IHC analysis for pERK and TAAR13c. We found that cadaverine-responsive neurons could be classified as low or high affinity based on response sensitivity. High-affinity (10 μM) cadaverine responses occurred primarily (∼90%) in TAAR13c-expressing cells (Fig.  5) , whereas increasing cadaverine concentration 10-fold resulted in increased numbers of responsive neurons, suggesting recruitment of additional low-affinity receptors (Fig. 5 ). TAAR13c cells were distinct from those activated by low concentrations (10 μM) of putrescine (Fig. 5) , consistent with our findings that TAAR13c prefers odd-chained diamines. Taken together, these results are consistent with TAAR13c being a major component in high-affinity cadaverine recognition by zebrafish. TAAR13c responses (n = 3 ± SEM, 1-mM stimuli) were measured for: 1, cadaverine; 2, 5-amino-1-pentanol; 3, hexylamine; 4, pentylamine; or "-" no ligand. (C) TAAR13c prefers odd-chained diamines. Responses of TAAR13c (n = 3 ± SEM) were measured to diamines of carbon chain length 3-10 (100 μM). (D) Phylogenetic tree for taar genes, gene set as described previously (17) , but only three mammalian species included (mouse, rat, human). Class I and II TAARs retain the amine-binding motif (yellow shade). Numbers indicate TAAR subfamilies, including mammalian TAARs that detect primary (blue) or tertiary (red) amines, as well as zebrafish TAARs analyzed here (purple). TAAR13c terminal branch, light purple; Cm1, Cm2, elephant shark taar genes. (E) Dose-dependent activation of TAAR13c by aliphatic diamines; values are in relative units. A representative experiment is shown (n = 3 ± SEM). No responses to diamines were observed in cells transfected with reporter gene alone. Higher affinity is seen for odd-chained diamines.
Discussion
Cadaverine and putrescine are death-associated odors produced by microbe-mediated decarboxylation of basic amino acids (22) . Chemosensory receptors that detect these odors are unknown in any species and could provide valuable tools to study how the olfactory system mediates innate aversion or attraction (cf. ref. 23 ).
Here, we show that zebrafish TAAR13c detects cadaverine with high sensitivity and specificity. This study is unique in reporting a ligand for any of the 112 zebrafish TAARs, and following identification of two amino acid-activated receptors from the V2R-related receptor family (24, 25) , constitutes the third deorphanization of any fish olfactory receptor. TAAR13c is strongly activated by primary amines and indeed is phylogenetically closer to those rodent TAARs that prefer primary over tertiary amines (18) . Moreover, TAAR13c has distinct molecular recognition properties compared with many biogenic amineactivated G protein-coupled receptors in that it is selective for diamines compared with monoamines. Structure activity analysis indicates an unusual divalent ligand binding pocket requiring two remote positive charges for activation. A conserved aspartic acid in biogenic amine receptors that forms a salt bridge with the ligand amino group is retained in TAAR13c (Asp 3.32 ), but residues important for recognition of the second amine are not known. Nevertheless, the existence of a second amine contact site raises the possibility for a unique inverted mode of monoamine recognition by G protein-coupled receptors that lose the conserved Asp 3.32 but retain the second recognition site. TAAR13c is a narrowly tuned receptor that prefers mediumlength, odd-chained diamines. Although a pronounced tuning to chain length is commonly found for olfactory receptors (26, 27) , TAAR13c is peculiar in its strong preference for odd-chained diamines. Odd-and even-chained diamines have significant differences in the relative orientation and positioning of the two amino groups, and their cognate olfactory receptors likely have negatively charged counterions in distinct locations of the agonist binding pocket. Interestingly, odd-chained and even-chained diamines did elicit comparable aversive behavior, which suggests the presence of additional zebrafish olfactory receptors activated by even-chained diamines, consistent with data from cross-adaptation studies (6) .
Some estimates about the conceivable size of the cadaverine receptor repertoire can be derived from our quantitative analysis of sensory neuron responses. We find that many receptor neurons show increased pERK levels at high cadaverine concentrations, consistent with the presence of several olfactory receptors that can detect cadaverine. However, at low concentrations an extremely sparse population of receptor neurons (0.3 cells per lamella, about 100 cells per olfactory rosette) is activated, corresponding to the lower limit of cell numbers found for individual olfactory receptor genes (cf. ref. 15) . Moreover, the large majority of these cells expresses TAAR13c, consistent with this receptor being a major component of high affinity cadaverine detection. Further investigation, in particular TAAR13c loss-of-function analysis, will be required to delineate the exact role of TAAR13c in generating avoidance behavior to diamines.
The dose-dependence of cadaverine-evoked avoidance behaviors, c-Fos and pERK induction, and TAAR13c activation are all understandably different, because stimulus application, signal detection threshold, and signal/noise ratio are specific to each method. Receptor affinities can be much lower in heterologous systems than in vivo (28) (29) (30) , where expression of receptors and signaling components are presumably optimized. Nevertheless, the threshold of cadaverine detection by TAAR13c of 3 μM is very similar to in vivo thresholds observed for the intact olfactory system (6, 31) and to thresholds measured for isolated olfactory sensory neurons (2) . Although it is difficult to estimate naturally occurring cadaverine concentrations close to dead fish, the cadaverine concentration we measured in rotten zebrafish extracts was several orders of magnitude higher than the TAAR13c activation threshold, and presumably high enough to allow detection of that odor source from some distance. Importantly, the behavioral response in the two-choice assay is maximal at the same low concentration of cadaverine, which elicits neuronal activity predominantly in TAAR13c-expressing cells. Thus, the available data are consistent with TAAR13c being a significant part of the receptor repertoire that detects cadaverine present in ecologically relevant sources.
TAAR13c arose during teleost evolution and orthologs are not found in rodents and humans who also detect cadaverine. Thus, cadaverine-activated olfactory receptors in mammals may present a case of convergent evolution, either within the vertebrate TAAR family or between different olfactory receptor families (cf. ref. 27 ). In vitro studies did not identify a high-affinity cadaverine receptor among mouse, rat, or human TAARs (18), although cadaverine reportedly activates TAAR-containing glomeruli in mice at high concentrations (8) . Other mammalian TAARs also detect aversive amines; for example, isoamylamine (TAAR3) and 2-phenylethylamine (TAAR4), both likewise produced by decarboxylation of amino acids (16, 18, 19, 32) . Indeed, amines are an odor group that is chemically suited both to aquatic and airborne detection. Interestingly, trimethylamine, a TAAR5 agonist, is an aversive odor to humans and rats (20, 33) but attractive to mice (20) . This finding is reminiscent of cadaverine, which is attractive to goldfish (2) but aversive to zebrafish (present results).
Taking these data together, we have shown that TAAR13c emerges as a sensitive olfactory receptor for the death-associated odor cadaverine, both in isolation and as part of a complex mixture. Cadaverine at low concentrations activates a sparse population of TAAR13c-expressing olfactory sensory neurons and elicits powerful and innate avoidance behavior in zebrafish, a vertebrate model system. See Fig. 6 for a graphical summary of key findings. Such an association of odors and cognate receptors with a powerful avoidance response provides a molecular basis for studying neural circuits connecting sensation with perception of odor valence.
Materials and Methods
TAAR Cloning. TAAR13c cDNA (National Center for Biotechnology Information accession no. NM_001083040.1) was cloned from zebrafish genomic DNA using standard methods. For other clones, primer, and vector information, see SI Materials and Methods.
TAAR Phylogenetic Analysis. The TAAR gene dataset was from ref. 17 . For algorithms used, see SI Materials and Methods.
TAAR Functional Assays. The reporter assay was performed as described previously (16) . Details for assay and receptor sequences are provided in SI Materials and Methods.
Antibody Generation. A unique peptide of 16 amino acids served as immunogen for TAAR13c. Details are provided in SI Materials and Methods.
Western Blot. The Western blot was performed as described previously (34) . Details are provided in SI Materials and Methods.
Immunohistochemistry. Standard procedures were used. Protocols are provided in SI Materials and Methods.
Immunohistochemistry Combined with in Situ Hybridization. In situ hybridizaiton-IHC was performed as described previously (35) . Protocols and details for antibody and probe are supplied in SI Materials and Methods.
Behavioral Analysis. Fish motion was tracked pre-and poststimulus addition. Two set-ups were used: single arena and two channel. Details of set-ups and analysis are provided in SI Materials and Methods.
Quantitative LC/MS Analysis of Diamines. Protocols for sample preparation, processing, and analysis are provided in SI Materials and Methods.
